T7 phage induces two negative control mechanisms of protein synthesis: (a) Host-gene expression is repressed by a " T7 repressor," and (b) The mechanisms by which bacteriophage T7 regulates protein synthesis are only partially known. Soon after infection, a group of phage proteins (early proteins) is synthesized temporarily in a sequential manner. This time sequence is caused by a sequential arrangement of the early genes in an early transcription unit (1). The early transcription unit is transcribed by host RNA polymerase, and corresponds to a total RNA of 2.4 X 108 daltons (2). Within the early region, which is located at one end of the T7 genome, with the promotor close to the end (3), the genes for T7 RNA polymerase (4), ligase, the unknown gene-2 product, endonuclease, and lysozyme are clustered (1). Phage-specific polymerase transcribes the late genes (5). Parallel to these positive controls of phage protein synthesis, host RNA and protein synthesis ceases during phage T7 development. Protein synthesis is necessary for inhibition of host-enzyme synthesis (6). Formation of phage polymerase does not seem to be required for interference with protein synthesis of the host. Production of T7 RNA polymerase, however, is necessary for another negative control: the depression of T7 ligase synthesis (1). The mechanisms of both negative regulations are unknown. Here, we report that for the repression of host-protein synthesis an early protein of T7 is essential. This "repressor" protein is not the product of one of the known early genes. Its gene is located promotor-proximal to the RNA polymerase gene. The "T7 repressor" probably acts on the level of initiation of protein synthesis. The formation of early T7 proteins is depressed by a mechanism that needs newly synthesized T7 RNA polymerase.
The mechanisms by which bacteriophage T7 regulates protein synthesis are only partially known. Soon after infection, a group of phage proteins (early proteins) is synthesized temporarily in a sequential manner. This time sequence is caused by a sequential arrangement of the early genes in an early transcription unit (1) . The early transcription unit is transcribed by host RNA polymerase, and corresponds to a total RNA of 2.4 X 108 daltons (2) . Within the early region, which is located at one end of the T7 genome, with the promotor close to the end (3), the genes for T7 RNA polymerase (4), ligase, the unknown gene-2 product, endonuclease, and lysozyme are clustered (1) . Phage-specific polymerase transcribes the late genes (5) . Parallel to these positive controls of phage protein synthesis, host RNA and protein synthesis ceases during phage T7 development. Protein synthesis is necessary for inhibition of host-enzyme synthesis (6) . Formation of phage polymerase does not seem to be required for interference with protein synthesis of the host. Production of T7 RNA polymerase, however, is necessary for another negative control: the depression of T7 ligase synthesis (1) . The mechanisms of both negative regulations are unknown.
Here, we report that for the repression of host-protein synthesis an early protein of T7 is essential. This "repressor" protein is not the product of one of the known early genes. Its gene is located promotor-proximal to the RNA polymerase gene. The "T7 repressor" probably acts on the level of initiation of protein synthesis. The formation of early T7 proteins is depressed by a mechanism that needs newly synthesized T7 RNA polymerase.
METHODS
Protein Synthesis In Vitro. "Brij-extracts" (7) and "DEAEsystem (8) were described (see Fig. 2 ).
Crude Extracts for Enzyme Assays. For the determination of most enzyme activities in vivo, 5 to 8 X 108 cells were harvested on ice containing 50 A&g/ml of chloramphenicol, and lysed by the Brij-lysozyme method for low concentrations of cells (7) . For determination of lysozyme activity, the cells were either sonicated or lysed by freeze-thawing (5 X 108 cells/0.1 ml Tris-Mg-Acetate (10 InM Tris HCl pH 7.5-10 mM MgCl2-22 mM NH4Cl with 100 sg/ml of albumin).
For g-galactosidase assays, aliquots of the culture were treated with toluene directly.
Enzyme Assays. S-Adenosyl methionine-cleaving enzyme (9), lysozyme (8), ligase (1) , and endonuclease (1) were measured as described. j3-galactosidase tests were as described (10 Partial purification of host RNA polymerase from infected cells: E. coli were grown to a cell density of 8 X 108/ml in 1 liter of M9 (18) medium supplemented with 0.5% casamino acids and 0.4% glucose. The cells were harvested and resuspended in 30 ml of M9 buffer (18) . The suspension was divided. 10 ml remained uninfected, 10 ml received T7+, and 10 ml received T7 H13, both at a multiplicity of infection of 12. The phage were allowed to adsorb at 100 for 4 min. The cells were then transferred to 400 ml of warmed M9 medium and shaken with optimal aeration at 330 for 10 min. The cells were collected on ice containing 20 Ag/ml of chloramphenicol. RNA polymerase was then isolated (11) from all three samples. 2 ml of the (NH4)2SO4 fraction (Fraction 3) were applied to a DEAE-cellulose column (pasteur pipette, column volume 1 ml) that had been equilibrated with buffer A (11). The column was washed with buffer A and enzyme fractions were eluted stepwise with 4 ml of 0.13 M KC1, 3 * Expressed as molarity of KC1 used to elute the fraction.
purification procedure was described (11). Units were defined as the amount of enzyme incorporating 1 nmol of UMP at 37°in 10 min (12). Extraction of RNA from E. coli Infected with T7 Phage. The procedure for mRNA isolation was modified from one described (13) . We used an SuA strain as the host, although we have not observed polarity in T7.
RESULTS

Regulation of host enzymes
Induction of i3-galactosidase and derepression of alkaline phosphatase are prevented by infection with T7+ or with T7 gene-1 mutants. However, ultraviolet irradiation of T7 + before infection prevented the phage from manifesting this repression ( Fig. 1 ). This experiment indicates that phage DNA-directed protein synthesis is essential for the repression of host-enzyme synthesis. The repressor is an early phage protein, since gene-1 mutants inhibit host-enzyme induction. Within the "early" region of the T7 genome, 5 genes have been characterized. None of these known early genes is the gene for the T7 repressor ( Induction of f3-galactosidase is inhibited after the third minute of infection (Fig. 2) . To elaborate the mechanism of repression of enzyme induction, cell-free extracts from T7-infected cells were prepared, and the capacity for T3 DNAdirected synthesis of S-adenosyl methionine-cleaving enzyme in vitro, mediated by E. coli RNA polymerase, was used as an indicator of T7 repressor activities. Extracts prepared from cells later than 3 min after infection had increased repressor activities (Fig. 2) . Rates of protein synthesis in these extracts were about three times lower than in intact cells.
Therefore, it is unlikely that the repressor was synthesized in the cell-free extracts during the incubation for enzyme synthesis. The repressor activities of the extracts reflect the amounts of repressor present in the cells at the time of harvest.
Detailed analysis of the time course of enzyme synthesis in vitro and its inhibition by the T7 protein indicates that initiation of transcription or translation was prevented (Fig. 3) . In the in vitro synthesis reaction, 5 min was needed for the appearance of the first enzyme activity. However, inhibition decreased immediately without any distinct lag period after start of the reaction (Fig. 3) . In case the repressor affected a step other than initiation, a period of complete inhibition, corresponding to the time needed for completion of the first mRNA for S-adenosyl methionine-cleavage enzyme or of enzyme itself, should be expected.
Transcription on the host genome seems to be reduced soon after T7 infection (6) . However, the host RNA polymerase itself is not altered by the T7 repressor. The polymerase could be purified from T7 cells, and there was only little decrease of activity (Table 1) . This decrease could be caused by T7-specific nucleases, which are eluted from DEAEcellulose at the same salt concentration. In addition, it can not be excluded that some T7 repressor might still be present in the partly-purified RNA polymerase.
Negative Control in Phage T7 2205 Regulation of T7 early proteins As was shown previously, T7 mutants in gene 1 (polymerase) induce higher amounts of ligase than does T7+ (1). After appearance of T7 RNA polymerase the rate of ligase formation is reduced. The reduction of ligase synthesis is caused by inhibition of transcription later than 7.5 min after infection (Fig. 4) Fig. 4 ) at various times after infection with T7 H13. In this case, the infection was done at 300 at a density of 4 X 108/ml. Aliquots of 0.5 ml were collected at 10 min after induction, and the time of induction was plotted against the resulting 0-galactosidase activity (A420/0.5 ml culture, 0Of 4 . Enzyme and messenger RNA synthesis in cells infected with T7 H13+ and T7 H13. XA 7007 was grown in 0.5% tryptone-0.5% yeast extract-0.5% NaCl to a density of 4 X 108/ml. The cells were resuspended in M9 buffer to a concentration of 1 X 1010 cells/ml. Phage was added at a MOI of 7, and allowed to adsorb at 100 for 3 min. The cells were transferred to warmed rich medium at 4 X 108 cells/ml. Aliquots of 2 ml were harvested for the preparation of crude Brij-extracts and the determination of enzyme activities. Aliquots of 20 ml were collected on 10 ml of frozen buffer [0.01 M Tris (pH 7.6)-0.01 M KCI]. These aliquots were pelleted and the cells were resuspended in 0.8 ml of cold buffer (as above). Egg-white lysozyme (200 Ag/-ml) and EDTA (to give 1.0 mM) were added. The mixture was allowed to stand at 40 for 10 min, then treated twice by freezethawing. Pancreatic DNase I (RNase free, Worthington) and MgC12 were added to a final concentration of 20 Ag/ml and 20 mM, respectively. After 5 min at 210, clear nonviscous lysates were obtained by treatment with 1% sodium dodecyl sulfate, and 0.2 M sodium acetate (pH 5.2) was added. After two extractions with redistilled water-saturated phenol, the aqueous phase received another 0.1 ml of 2 M sodium acetate (pH 5.2) and the nucleic acids were precipitated by ethanol. The precipitates were washed, dried, and dissolved in 0.2 ml H20, yielding a solution of about 80 A2W/ml. Enzyme assays as in Methods. Activity of T7 phage RNA polymerase was tested in Brij-extracts of cells after min. Complete prevention of induction takes place when the inducer is added later than 3.5-4 min after infection. Induction at 2 min after infection-as an example-still allows some enzyme to be synthesized at 7-8 min after infection. The repressor, however, appears at 3-4 min after infection. The repressor cannot affect enzyme synthesis after initiation.
From the present data, transcription and translation as possible targets of the "T7 repressor" cannot be distinguished. Decreased UMP incorporation after T7 infection (6) could also be caused by fast digestion of unprotected mRNA after inhibition of translation.
Repression of gene expression is specific. Whereas the T7 repressor, which is formed 2.5-3.5 min after infection, efficiently inhibited the induction of fl-galactosidase in vivo and T3 DNA-dependent enzyme synthesis in vitro, it did not depress T7 protein synthesis. Ligase mRNA and ligase, as well as lysozyme mRNA and lysozyme, were synthesized in cells infected with gene-1 mutants with constant rates for more than 12 min. The action of the inhibitor should be apparent earlier, at 7-8 min. The specific repression by the T7 repressor may explain mutual exclusion (15) . This mechanism enables T7 to exclude coinfecting phages, like T3.
Recently, an inhibitor of transcription in T3-infected cells was described (16) . Since T3 is related to T7, one could imagine that this T3 inhibitor might be closely related to the T7 repressor. However, this does not seem to be the case. In contrast to the T7 repressor, the T3 inhibitor appears to be a late protein, as indicated by the time of induction in vivo (16) . It was shown that prior infection with either UVirradiated T3 or with T3 gene-1 mutants-which still could induce the early proteins, except for the gene-1 productdid not reduce significantly phage T4 development. This observation indicated that no early T3 protein inhibits the action of the host RNA polymerase, which is essential for T4 development (17) . In addition, the T3 inhibiting protein interferes more effectively with transcription on T3 DNA than with transcription on E. coli DNA (16 (1) . Another possibility would be a third inhibition mechanism. The gene for this inhibitor should be located near the ligase gene, and its synthesis, therefore, should be mediated by E. coli polymerase 7-8 min after infection. Inhibition of initiation of transcription would then cause a switch-off at 11.5-12 min since the readout of started mRNA would take another 4.5 min. We cannot decide between these possible mechanisms of inhibition of early gene expression.
In conclusion: T7 induces at least two independent control mechanisms to repress protein synthesis. A T7 repressor specific for the shut-off of host protein synthesis, and a late phage protein that inhibits early T7 protein synthesis.
